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This paper presents the development and verification of a finite element algorithm for modeling nonlinear deformation
in the functional spinal unit (FSU) of the human lumbar spine. The study is motivated by the increasing prevalence of
musculoskeletal disorders and the need for improved predictive methods for spinal motion segment behavior under various
loading conditions and pathologies.

Current modeling approaches often employ simplified geometry and linear deformation laws (Hooke’s law) for
all spinal elements, including the intervertebral disc. However, these models inadequately represent human anatomy and
the physical properties of the intervertebral disc, which comprises the annulus fibrosus and nucleus pulposus exhibiting
pronounced nonlinear and viscoelastic characteristics.

To address these limitations, the authors propose a mathematical model wherein vertebrae are treated as linearly
elastic, heterogeneous bodies, while the intervertebral disc is modeled according to nonlinear deformation theory. An
anatomically accurate 3D reconstruction of the lumbar spine was generated from computed tomography (CT) images.
Volumetric tetrahedral finite elements were employed for discretization. The intervertebral disc behavior is described using
thin plate bending theory based on Kirchhoff-Love assumptions.

The algorithm’s key feature is a two-step solution procedure: an initial linear elastic solution is obtained, followed
by the calculation of additional nodal forces for disc elements, enabling efficient nonlinear analysis without stiffness matrix
modification.

Model verification was performed using two geometric representations of the lumbar spine: a simplified version
comprising parallelepipeds and cylinders, and a patient-specific realistic model derived from CT data. Numerical simulation
results demonstrate that incorporating nonlinear properties of the intervertebral disc substantially alters both deformation
patterns and magnitudes compared to purely elastic models, producing nonlinear segments on stress-strain curves. The
discrepancy between results obtained with the proposed algorithm and those from Comsol software did not exceed 10 %,
confirming the model’s validity. This algorithm shows promise for investigating lumbar spine biomechanics under normal
conditions, degenerative changes, and post-surgical states.
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B nanHO# cTaThe NpeACTaBICHEI pa3padoTka M BepH(UKAIMs aIrOPUTMA KOHEYHBIX DJIEMEHTOB JISI MOJCIUPOBAHHS
HEJIMHEHHOH nedopManu B N03BOHOYHO-ABUraTesibHOM cermente (I1JIC) moscHMYHOrO OTJena ITO03BOHOYHHKA YENIOBEKA.
HccnenoBanue MOTUBHPOBAHO PACTYIIEH PACIPOCTPAHEHHOCTHIO 3a00IEBaHNI OMOPHO-ABUTATEIBHOTO anmapaTra U HeoOxo-
JIMOCTBIO YIy4IICHUS] METOJIOB TPOIHO3MPOBAHMS ITOBEICHNUSI CETMEHTOB [T03BOHOYHHKA IIPH PA3JIMUHBIX YCIOBHUSIX Harpy3Ku
U TaTOJIOTUSIX.

CoBpeMeHHbIE MOAXO0B! K MOJETMPOBAHNUIO JaCTO MCIIONB3YIOT YIIPOLIEHHYIO T€OMETPUIO U IMHEIHBIE 3aKOHBI Ae(op-
Maruu (3akoH ['yka) Juis Bcex 2JIeMEHTOB II03BOHOYHUKA, BKJIIOYAs MEKITO3BOHOUHBII ucK. OJJHAKO 3TH MOJICIIM HeaJleKBaT-
HO TIPEACTABIIAIOT aHATOMHIO YeT0oBeKa W (HDH3HIECKHE CBOMCTBA MEKITO3BOHOUHOTO ANCKA, KOTOPBII COCTOHUT U3 (puOpo3HOro
KOITbIIA U TTy/BIO3HOTO SAPa, AEMOHCTPHPYIOMINX BBIPAXKEHHBIE HEMHEHHBIE U BSI3KOYIPYTHE XapaKTePUCTHKH.

JInst pemeHust HTUX MpoOJIeM aBTOPHI MPeUIaraloT MaTeMaTHYEeCKyl0 MOJEb, B KOTOPOH MO3BOHKH PacCMaTpHUBAIOTCS
KaK JIMHEHHO yNpyrue, HEOTHOPOIHBIE TeNla, a MEXKIIO3BOHOUHBIM AMUCK MOJEIHMPYETCs B COOTBETCTBUH C TEOpPHEil HENH-
HeiiHol nedopmarmu. AHaToMuYeckd ToyHas 3D-peKoHCTPYKUIMS MOSCHUYHOTO OTIeNa ITO3BOHOYHHMKA ObLTa CO3JaHa Ha
ocHOBe n300pakeHui KoMnbloTepHoit ToMorpadun (KT). st auckpeTHsanuy UCIob30BaICh 00BEMHEIE TeTPadIpUISCKHe
KOHEUHbIE 31eMeHTHl. [loBeenre MeKIMO3BOHOYHOTO JIMCKA OMMCHIBAETCS C MOMOIIBIO TEOPUH M3TH0a TOHKUX IUIACTHH, OC-
HOBaHHOW Ha mpeanonoxennsx Kupxroda —Jlasa.

KiroueBoif 0COOEHHOCTBIO aJITOPUTMa SIBJIACTCS ABYXATAITHAs POLEIypa PEIICHHUs: CHaJaJIa IoJTyJaeTcs TMHeHHO-yII-
pyroe pelieHue, a 3aTeM BBIYHCISIOTCS TOTIOTHUTENbHBIC Y3JI0BBIE CHIIBI AN AJIEMEHTOB ANCKA, YTO MO3BOJISIET MPOBOJUTH
3¢ deKTUBHBIN HETMHEHHBIH aHamM3 6e3 MOAN(pUKAUH MaTPHULIB JKECTKOCTH.

ITpoBepka Mozeny MPOBOAMIACH C UCIIONB30BAHUEM JIBYX T€OMETPHUYECKUX MPEACTABICHUH MOSCHUYHOTO OTAENa MOo-
3BOHOYHMKA: YHPOIIEHHOH BEPCHH, BKIIOYAIONIEH Mapasielenuneabl ¥ IUINHAPHI, W NEPCOHATN3NPOBAHHON MOZENH, T10-
nyaenHoi u3 KT m300paskeHUI KOHKPETHOTO MalMeHTa. Pe3ynbraThl YHCICHHOTO MOJCIMPOBAHMS ITOKA3BIBAIOT, YTO y4eT
HEJTMHEHHBIX CBOMCTB MEXKIIO3BOHOYHOTO JHCKAa CYIIECTBEHHO M3MEHAET KAaK XapakTep, TaK U BENUUYUHY Je(opManuii mo
CPaBHEHHUIO C YHCTO YIMPYTMMH MOJENSIMHU, CO3/1aBasi HEMMHEHHbIE CETMEHTHI Ha KPUBBIX «HAIMpPsDKEHUE — Aedopmanus». Pac-
XOXKICHHE MEXy pe3ylbTaTaMy, ITOJTyYSHHBIMU C IIOMOIIBIO IPEJIOKEHHOTO aJITOPUTMA, U Pe3yJIbTaTaMH, MOTy4eHHBIMU
¢ ToMoIIbI0 mporpaMmuoro obecrnedenus Comsol, He mpessimano 10 %, 4To MOATBEPKAACT JOCTOBEPHOCTh MoaeiH. JlaH-
HBIH aJTOPUTM JEMOHCTPUPYET HNEPCHEKTHBHOCTH UL MCCICAOBAHHS OMOMEXaHUKH IOSCHUYHOIO OT/eda MO3BOHOYHHKA
B HOPMAJIGHBIX YCJIOBHUSIX, IIPH JI€T€HEPATUBHBIX M3MCHEHHUSX U IIOCIICONCPAIOHHOM TIEPUOJIE.

KiroueBrie cioBa: METOJ KOHCYHBIX 3JICMCHTOB, CXOAUMOCTBD, MOSICHUIHBIN OTACII ITIO3BOHOYHHKA,
ITO3BOHKH, MEKIT0O3BOHOUHBIN JUCK
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Introduction

Rising urbanization, environmental factors, and global population aging have contributed to
a growing prevalence of musculoskeletal disorders (MSDs), particularly affecting large joints and
the spine. Modern diagnostic technologies have significantly expanded opportunities for in vivo
assessment of physiological and pathological spinal conditions [Korzh et al., 2015; Yang et al.,
2016]. Clinicians primarily rely on clinical examinations and imaging modalities (X-ray, CT, or
magnetic resonance imaging (MRI)) to determine treatment strategies. However, these tools provide
only static morphological data, capturing structural changes in the spine and paravertebral tissues
at various stages of degenerative disc disease or treatment. Such information is insufficient for
predicting disease progression or complication risks. Furthermore, standard imaging cannot quantify
the mechanical properties of pathological spinal motion segments (SMS) or their impact on spinal
kinematics. Biomechanical studies are therefore essential to:

e cvaluate spinal behavior under physiological, loaded, and pathological conditions;
e guide mechanism-based treatment selection;

e develop novel corrective, rehabilitative, and functional assessment strategies [Korzh et al., 2015;
Yang et al., 2016].

One established computational approach employs simplified geometries and material models for
spinal components. These models typically use idealized shapes with averaged dimensions for vertebrae
and intervertebral discs [Ablyazov et al., 2014; Tsurova, 2011; Korzh et al., 2012; Bublik, Likholetov,
2014; Mezentsev et al., 2011; Orlov, 2011; Veretelnik et al., 2014]. Another strategy involves manually
measuring key anatomical parameters from medical images and replicating uniform vertebral and disc
geometries across a spinal region [Eremin et al., 2011; Bublik et al., 2013; Palatinskaya et al., 2012;
Staude et al., 2012]. While this method streamlines 3D model generation and is suitable for healthy
spines, it fails to capture degenerative changes that substantially alter vertebral and disc morphology.

Subsequent numerical analyses of the stress —strain distribution (SSD) are typically conducted
using static finite element method (FEM) simulations. These studies generally assume small
deformations and model all spinal tissues as linearly elastic (Hooke’s law) [Ablyazov et al., 2014;
Eremin et al., 2011; Korzh et al., 2012; Bublik, Likholetov, 2014; Palatinskaya et al., 2012; Orlov,
2011; Staude et al., 2012]. Consequently, both the mathematical formulations and resulting simulations
are highly simplified. More complex models have been developed to simulate surgical interventions,
such as external fixation or vertebral body replacement [Tsurova, 2011; Korzh et al., 2012; Bublik,
Likholetov, 2014; Bublik et al., 2013; Orlov, 2011]. While metallic implants are appropriately modeled
using linear elasticity, the assumption of linear material behavior is often incorrectly extended to
biological spinal tissues.

However, numerous studies emphasize that intervertebral disc mechanics deviate significantly
from linear elastic assumptions. This is due to the disc’s composite structure: the annulus fibrosus,
which exhibits pronounced nonlinear and viscoelastic behavior [Barysh et al., 2012; Obraztsov, 1988;
Best et al., 1999], and the nucleus pulposus, a gel-like, fluid-rich core [Chou et al., 2006]. Disc nutrition
and waste removal are mechanically driven processes that occur during spinal motion (e. g., flexion —
extension), where cyclic loading induces pressure gradients that facilitate nutrient influx and metabolite
clearance [Zharnov, Zharnova, 2014; Furlong, Palazotto, 1983]. In computational models, the disc is
typically represented as a viscoelastic structure sandwiched between adjacent vertebrae.

Nonlinear constitutive relationships for intervertebral disc deformation under static loading
have been implemented in finite element analyses of the lumbar spine [Zander et al., 2001]. In
the numerical analysis of degenerative changes, reductions in nucleus pulposus volume and altered
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nonlinear properties of the annulus fibrosus have been explicitly modeled [Cansel, 2018]. Disc
prolapse has also been investigated by simulating the nonlinear mechanical response of the annulus
fibrosus [Nagy, Gentle, 2001]. Following discectomy, nucleotomy implant models have historically
relied on linear-elastic formulations [Meakin, 2001; Joshi et al., 2009]; however, recent silicone-based
implants necessitate nonlinear material descriptions [Strange et al., 2010].

Currently, spinal biomechanical models are widely applied to:

e analyze SMS kinematics under physiological and pathological loading;

e objectively assess surgical indications and personalize the extent of intervention;
e predict disease progression and complication risks;

e develop patient-specific rehabilitation protocols.

The aim of this study is to develop a computationally efficient finite element framework for
simulating the stress — strain behavior of the lumbar spine, with potential applications in musculoskeletal
disorder research. To this end, vertebrae are modeled as linearly elastic heterogeneous bodies, while
intervertebral discs are described using a nonlinear constitutive law.

Investigating the biomechanical function of spinal joints under physiological and pathological
conditions remains a highly active and promising research area. A robust understanding of spinal
mechanics and its disease-induced alterations provides the foundation for next-generation diagnostic
and therapeutic technologies.

1. Problem statement and adopted hypotheses

The construction of a mathematical model of the examined system will be based on the systems
approach, according to which it is assumed that the system can have a structural representation, i.e.,
it can be broken down into groups of elements with the indication of connections between them. This
splitting is called decomposition, and is preserved for the whole duration of the system. These groups
of elements are called modules, in this regard, it is common to talk about the modular structure of the
system. The formation of modules is based on the principle of shared properties, the type of connections
or other features. This system is complex and consists of different elements. To analyze it, the system
approach based on the FEM will be used [Strange et al., 2010].

For this system, we use a micro-level decomposition approach and identify two representative
elements: a vertebra and an intervertebral disc. These representative elements share the same structure
of inputs, outputs, and external actions. These typical elements will have the same structure of
input, output parameters and external influences. In the system under consideration FSU, the acting
vertical load determined by the anthropometric parameters of the person under study and the boundary
conditions will be the external influences, and the displacements of the elements will be the input and
output parameters.

In modeling a vertebra, only its body without processes and connecting arches is taken into
account. In this case, the vertebral body has a shape close to a cylinder. We obtained a 3D model of the
vertebral body based on CT images of the patient’s spine [Kurachka, Tsalka, 2017]. The space between
the vertebrae is filled with another 3D model — a model of the intervertebral disc.

The spatial system under consideration consists of two vertebrae with heterogeneous properties
and a nonlinear elastic intervertebral disc located between them (Fig. 1).

The vertebra has a heterogeneous structure. It is covered by a hard cortical layer, spongy bone
is located inside the vertebra, and the vertebra is bounded from above and below by hyaline plates
covered by articular cartilage (Fig. 1).
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Figure 1. “Vertebra — intervertebral disc — vertebra” system

The intervertebral disc also has a heterogeneous structure [Ablyazov et al., 2014]. The central
part is the jelly core (nucleus pulposus), which is surrounded by a shell of collagen fibers — the annulus
fibrosus. Until the age of 20 years the nucleus pulposus in humans is well expressed, and then, with
age, it is replaced by fibrous connective tissue, sprouting from the annulus fibrosus.

Thus, with age, spinal tissues undergo significant changes in structure and mechanical properties,
which are individual, nonlinear, and difficult to predict. In [Anisimova et al., 2015], the authors study
interpatient variability (including age-related differences). It is shown that, despite simplifications, the
model adequately captures the main biomechanical trends, while interpatient variability increases with
progression of “resections”. Therefore, this study uses averaged values of the mechanical characteristics
of the intervertebral disc and vertebra for an adult, as presented in Table 1.

Table 1. Mechanical characteristics of spine elements

Spine element Young’s modulus, Pa | Poisson’s ratio | Density, kg/m?
Vertebra 18350 - 10° 0.3 2020
Intervertebral disc 57-10° 0.4 1090.3

The intervertebral disc is fused to the hyaline cartilage covering the surfaces of the vertebral
bodies facing each other, and is shaped like these surfaces. Therefore, when combining 3D models of
the vertebra and intervertebral disc into one system, their boundaries will be common with the same
values of elastic body deformations.

Then, by the principle of virtual displacements [Strange et al., 2010; Coogan et al., 2016], the
total potential energy of the system is written as follows:

(E)TR) = f f f (F (o} aV, ()
\%4

where {g} is the vector of nodal displacements (symbol “~” denotes its variation), {R} is the vector
of nodal forces; {&} is the deformation vector, {0} is the stress vector and V is the volume of the finite
element.

The vertebrae will be treated as linearly elastic heterogeneous bodies.

The intervertebral disc is nonlinearly elastic and does not change its volume under small loads,
so the hypothesis of nonlinear deformations is valid for it [Strange et al., 2010]. According to the
decomposition principle, elements will be considered separately.
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2. Vertebral finite element model

For discretization we use finite elements in the form of tetrahedrons [Goto et al., 2007]. Nodal
forces are applied to the vertices of each tetrahedron

T
RYV = (X, v,.2,. X,. ¥,. Z,. X3, V3. Z;, X,. Y. Z,),
to which the following nodal displacements would correspond:

T
v
{g } = {u]’ ﬂl’ Wl’ u29 ’029 W2, MS, ﬂS’ W3, M4, ﬂ4’ W4}’

where u, 9, w are movements along the OX, OY, and OZ axes. For the tetrahedron it is possible to take
linear functions for the displacements [Goto et al., 2007]:

U=+ aX+azy+ aq,z,
U =as+agx+ ayy + agz,
W=yt a X+ay+ap (2)

(e} =[A"]{e"}

where
I xy 200000000 .
[AY]=l0 0001 xy z00 00 ") =fo; o - ap,).
000000O0O0T1 xy z

Since expression (2) applies to any point of the tetrahedron, for its nodes it follows that

g") = [BY]{a"}, 3)
where
(1 x ¥y z 00 0 0 0 0 O 0]
0600 001 x y z 00 0 0
00 0 00 0 0 0 1 x y gz
I x, bz 0 0 0 0 0 0 0 O
060 00 1x,yy2 00 00
[BV] _ 0600 0 000 0 01 x 09 2
I x5 y3 24 0 0 0 0 0 0 O O ’
00 0 0 1 x5 952z 00 0 0
00 0 00 0 0 0 1 x5 y; 24
I x, v, 22z 0 0 0 0 0 0 0 O
60 00 1x, 9% 00 00
o 0 0 00 0 0 0 1 x, 9, z

X, ¥ 2 (0= 1, 4) are the node coordinates of the tetrahedron.
Assuming that the nodal displacement vector is already known {gv}, we find from (4) the vector

of coefficients {a/V}:
(') =[BY]" {&"). )
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where ) _

a 0 0 a 0 0 a3 0 0 g 0 O

bp 0 0 b, 0 0 by O O b, 0 O

¢ 00 ¢,¢ 0 0 ¢ 0 O ¢, O O

d 0 0 d 0 0 d 0 0 4, 0 O

0 g 0 0 a 0 O a3 0 0 q O

[BV] I 110 5 0 0 b, 0 0 by 0 0 b, O ’

6V|0 ¢, 0 0 ¢, 0 0 ¢ 0 0 ¢ O

0 4 0 0 4 0 0 d5 0 0 d, O

0 0 ¢g 0 0 a, 0 0 a3 0O O a,

0 0 5 0 0 b, 0O 0 by 0O 0 b,

0 0 ¢ 0 0 ¢g¢ 0 0 ¢ 0 0 ¢

(0 0 4 0 0 4 0 0 dy 0 0 4,

V is the volume of the elementary tetrahedron,

N R ARV ey Xy
ai=CD"" N v gl bi=EDL oy gl =DM kg ] di=EDIL x )

i, j, k, n are the vertex numbers of the elementary tetrahedron.

The deformation components are related to the displacements by the Cauchy relations [Goto et
al., 2007]:

ou oY ow ou 09 og  ow ou ow
e =24 %Y. . _ 9V _ ov. _ov  ow

ou ML s
T 9T G BTG Tty MWTg v YaTgta O

Substituting (3) into (5) and differentiating, we obtain

e} = [c¥]{e"}, (6)
where
0 1 0 00O OOO 0O 0 0 O
00 0O0OO0OO0OT1TTO0OO0OO0OO0ODO
[CV] _ 00 0O0OO0OO0OO0OO0OOTQO0OTO 01 .
001 00T1O0O0OO0O0OOQO0ODO
00 0O0OO0OO0OO0OT1TUOOT1PO
0 001 00 00 O0 1 0 0f

For each element of a vertebra according to the accepted hypotheses, Hooke’s law is valid [Goto
et al., 2007]:

{o} = [Eyl{el, @
where
2G + A A A 0 0 O]
A 2G + A A 0 0 O
A A 2G+4 0 0 0
(Bl = 0 0 0 G 0 0Ff
0 0 0 0 G O
0 0 0 0 0 Gj
A= #ﬁlw is the Lamé parameter (G. Lamé) and G = 2(le is shear modulus.
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Substituting equality (4) into (6) and then (6) into (7), respectively, we obtain

et =[] [BY] e}, o) =[] [€¥] [BY] " e} ®)

Substituting expressions (8) into (1), considering the arbitrariness of {|g} and the fact that in the
case considered all matrices and {gv} do not depend on coordinates, calculating the definite integral
in (1), for each finite element of a vertebra we obtain

(RY} = K] {e"} ©)
T . . . .
where [KV] = V[DV] [EO] [DV] is the stiffness matrix of the finite element of the vertebra, [DV] =
1
=[c¥][BY].
By performing the matrix operations in (9), we obtain
K Kk kg Ky
[KV] 1k Ky ky Ky ,
36V (ks ki, kg Ky,
k, Ky Ky Ky
where
bibjp + (cl.cj + dl.dj)G bl.cj/l + cl.bjG bidj/l + dibjG
ki/'t: cibj/l + bich cicip+ (bibj + didj)G c,dA+ dl.ch ,
dl.bj/l + bide dl-Cj/l + Cide didjp + (Cicj + bibj)G
p=2G+1, i=1,4, j=1,4.

3. Finite element model of the intervertebral disc

The ratio of the characteristic size of the intervertebral disc in plan to its thickness is between 10
and 100. Consequently, to determine the SSD of the disc, it is possible to use the theory of bending of
thin plates based on the Kirchhoff— Love assumptions [Zienkiewicz, Taylor, 2000]:

1. The intervertebral disc does not experience any deformation in the medial plane. During bending,
this plane remains neutral:
uy =19, =0, (10)

where u,, and 9, are the displacements of points of the median plane along the X and Y axes.

2. The points of the disk lying on the normal to the median plane before loading remain on the
normal to its median surface during the bending process:

= 0,
Yz (11)
Yo = 0,
&, =0. (12)

3. The normal stresses in the direction transverse to the median plane of the disk can be neglected:

o, =0. (13)

Z

During loading, the intervertebral disc deforms in a linear-elastic manner until the stress value is
equal to a certain value. If the stresses continue to increase, the disc will exhibit nonlinear properties.
Next, we will consider only the loading process and consider the following hypotheses:
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1. Volumetric deformation is elastic, i.e., due to nonlinear deformation, the volume of the body
does not change:
o, = K60 =3Ke,, (14)

where o, is the average normal stress; 6 is the volume deformation; g,, is the average normal

deformation; K = ﬁ is the volumetric modulus of elasticity, E is the elastic modulus, v is

. . . o, .to,+0., [oNE oG ol
Poisson’s ratio, while o, = —=— = === 0 = 3¢

av 3 s Eqv 3 >
stresses.

and o, O

y» O, are normal

av?

2. Stress and strain deviators are identical up to a constant multiplier:

2 Tin
KA
m

(15)

where

1
5 \/(O'x —o )+ (oy— )+ (0,0 +6 (Tiy + 15, + Tgx)

o.
in \/—
is the stress intensity; 5, are the stress deviator components; e;; are the components of the strain

deviator; T Tyzs Toy AIC the tangential stresses;

xy?

V2 3
€= 3 (e, —&) +el+e + Eygy

is the intensity of deformations; €, €

, are the axial deformations; and y,, are the shear
deformations.

3. The ratio
O-in = (D(gin) (16)

does not depend on the specific type of stress state.

4. Procedure for determining nonlinear deformations
of the intervertebral disc

Suppose that there exists a linearly elastic homogeneous hypothetical intervertebral disc with the
same shape and the same boundary conditions whose deformations under a given load coincide with
those of the real disc. Then, by assuming the accepted hypotheses, we will have the equality of work
of the hypothetical elastic disc and the real intervertebral disc. Then, according to the potential energy
principle [Zienkiewicz, Taylor, 2000],

5,I1=6,(W-A) =0,

where the symbol “§,.” indicates that only the deformations and displacements vary, I1 is the potential
energy of the intervertebral disc, W = f U dV is the work of deformation, A is the work of external

v
forces, and U is the potential specific energy of deformation of the intervertebral disc, we will have:

5, (W —wN) =, f(UL - uN)av|=o, 17
14

where the superscript “L” refers to the linearly elastic disc, and the superscript “N” refers to the
nonlinearly elastic disc, W' is the work of deformations in a hypothetical linearly elastic disk, W is
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E..

ij
the work of the deformations in the real intervertebral disc, U™ = f o-l.Lj de;;j is the specific potential

ij
deformation energy of a linearly elastic disk, UN = f 0'5. de;; is the specific deformation energy of the
0

nonlinearly elastic intervertebral disc, and ¢ is the average normal deformation. Moreover, for a linearly
elastic disk, according to (17), we can obtain:

E..

ij L 2

L_ L _ Tl €

U —fO'ideij—T-i'K?. (18)
0

According to the accepted hypotheses (14)—(16), we will have:

Sij Ein
2
UN=fag‘.dg,.j=fq>(gm)dgm+1(%, (19)
0 0

where ®(g, ) is the universal function.
Insert (18) and (19) into (17):

E. E.
TinEin o 1
S| | |52 | e dey |dV|= [ S| 5 = — | Bey)dsy, |dV =0. (20)
0

14 0 v
It follows from (20) that

From the last equation, by integrating with a given universal function ®(g, ), it is possible to

express
O'f;]l = w(abl). 21)

Suppose that there exists a linearly elastic disc with elastic modulus £ and Poisson’s coefficient V
of the same shape and dimensions, coinciding with the original real intervertebral disc and having
the same boundary conditions, whose deformations under certain external loading conditions R* will
coincide with the deformations of the intervertebral disc under specified loads R.

Let us determine the loads. It is known [Gorshkov et al., 2002] that stresses depend only on
the magnitude of the internal force acting on an elementary area as its dimensions tend to zero. In
this case, relation (21) is valid for any elastic intervertebral disc having the same shape as the original
nonlinearly elastic one. The boundary conditions for these two discs are identical.

Let us find the stresses o7}, in the hypothetical disc under loads R*. Obviously, if the stresses in
the nonlinearly elastic disc and &,, are the corresponding strains, then the following relations hold:

3k

Tin _ Zin
N = L’
O-in sin

where ‘951 are deformations in the hypothetical disk corresponding to the stresses O'Ejl.

Then, according to the principle of virtual displacements [Zienkiewicz, Taylor, 2000] and the
adopted hypotheses (11)—-(13), relations (1) hold.

Assuming that the required displacements and strains are known, we express them from the
relations for the linearly elastic disc and substitute them into the relations for the nonlinearly elastic
disc.
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Since for elastic bodies the strain rate changes in proportion to the stress rate, it is not difficult
to express:
L L L
R* = F (0}, &, w(oh). R E. v). (22)

Thus, determining nonlinear deformations of the intervertebral disc requires solving the elasticity
problem twice. In the first case, the initial vector R is used; in the second case, the new vector R* is used.
At each pass, the stiffness matrix [Zienkiewicz, Taylor, 2000] remains unchanged, which significantly
reduces the time required for repeatedly solving the system of linear algebraic equations.

5. Mathematical model of the functional spinal unit

All vertebrae are discretized using tetrahedral finite elements, and the intervertebral discs are
discretized using planar quadrilateral finite elements. A conforming shared discretized interface is
enforced between system components so that each finite element belongs entirely to one and only one
component.

Using (9) and assuming that the direction of axis OZ coincides with the direction of vertical
forces, we will have the following nodal displacements on the lower face (upper face) of the
vertebra: {gpl} =[L] {gﬁi},

(M] [Z] [Z] [Z]

[ h
0 0 % 0 0O
= | B M2 2L g o n o) m=lo o ol
21 121 M] (2] Lo 0 0 0
Z]1 [Z]1 [Z] [M]
Therefore,
fel) = [L"{e"} 23)

By substituting equality (23) into (1), we obtain the basic equation of the FEM in displacements
for the lower plane of the vertebra:

{Rpl} + {Rﬁlf}iﬂ - [Kpl]iﬂ [L_l] {gpl}i+1 ’ (24)

The stiffness matrix of the whole system is constructed in the following order:

N
gl _ r
Kij = 2 Ky
r=1

where N is the number of finite elements with which the system under consideration is discretized;
Klg]1 is the element of the global stiffness matrix [KglJ, characterizing the contribution of the j-th unit
displacement to the i-th component of the nodal forces of the system as a whole; Ki’j is the stiffness
matrix element | K”| r-th finite element, characterizing the contribution of the j-th unit displacement to
the i-th component of the nodal forces, and the stiffness matrices [K"] can be calculated by formulas
similar to (9).

Of course, under the sign of the sum, only the elements adjacent to the node where the i-th force
component is applied will give a nonzero contribution. Thus, for the whole system under consideration:

K] {2} = (R} + (Ry, (25)

where [Kgl] is the global stiffness matrix; {gn"d} is the vector of node displacements of the whole
system; {R} is the nodal force vector; {Ryy} is the vector of nodal forces, defined for the finite elements
of the vertebrae.
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The resulting governing finite element equation (24) for determining the SSD of the system is
solved subject to boundary conditions. To determine nonlinear deformations, system (25) is solved
twice. First, the linear solution is obtained; then, for intervertebral disc elements where the computed
strain values exceed the limiting values, additional forces are determined, and system (25) is solved
again with a new nodal force vector.

6. Verification of the numerical solution

According to medical terminology, the lumbar spine consists of five vertebrae labeled L1-L5
and four intervertebral discs. A simplified diagram of the problem in question is shown in Fig. 2.

|F
v

L1

L2

L3

L4

L5

I

Figure 2. Computational scheme of the problem

Figure 2 shows the vertebrae in white color and the intervertebral discs in gray. Above the five
vertebrae of the lumbar spine are 19 vertebrae of the cervical and thoracic spine. The load of ' = 1000N
was applied to the lumbar first vertebra (upper boundary) of the L1 lumbar spine. The basal plate (lower
border) of the L5 vertebra was fixed stationary (no movement along the three coordinate axes).

Two variants of geometric primitives were used to construct a simplified geometric model of the
lumbar spine:

1) parallelepipeds;
2) cylinders.

The model is represented as a set of primitives of different heights, equal to the average height
of elements of the lumbar spine of an adult person in the usual state. Primitives simulating vertebrae
have a height of 28.9 mm, and primitives simulating intervertebral discs have a height of 8.1 mm
[Zienkiewicz, Taylor, 2000; Hurtado-Aviles et al., 2021]. The total height of the geometric model
is 176.9 mm.

In order to obtain the same spinal deformation energy, the simplified and real geometric models
should consist of elements of the same volumes, i.¢., if the heights of elements are equal, the cross-
sectional areas of bases should be equal, and take the value of 1375 mm? [Ablyazov et al., 2014].

Due to the same area and shape of the base, the spine elements are in contact throughout the
base, which simplifies load transfer between the vertebral elements, while ensuring the continuity of
stress and strain values near the vertebral-intervertebral disc boundary.
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The optimal step of the finite-element mesh was determined using simplified models of the
lumbar spine. Each element of the geometric model was divided by horizontal planes into several
layers, each layer was divided into parallelepipeds similar in shape to a cube, each parallelepiped —
into 5 tetrahedrons. When the layers are partitioned into parallelepipeds, the nodes of the finite
element mesh at the vertebrae-disk boundary coincide. The sizes of finite elements of vertebrae and
intervertebral discs differed by no more than 10 %. As a result of successive doubling of intervertebral
disc finite element layers and commensal increase in vertebral layers, the maximum size of the
tetrahedron edge equal to 1.95 mm was determined. The increase in equivalent stress compared to
the last iteration was 2.48 %.

The resulting larger finite element size was used to develop a 3D model of the lumbar spine of
a real patient, generate a finite element mesh, and determine the SSD of the lumbar spine using the
Comsol package. This was done using a 3D model constructed from a series of CT images of the spine
of a real patient (Fig. 3). The boundary conditions and rheological models were the same as for the
simplified spine models.

mm 0.7

-5 0 51015

0.5

0.4

0.3

0.2

Figure 3. 3D model and SSD of the patient’s spine

In Fig. 4, longitudinal deformation values are presented for points located on the vertical axis of
the lumbar spine. The origin of this axis is at the load application point (the endplate of vertebra L1).

The figure shows that each curve has a section from 150 to 176.9 mm with a significant
increase in deformations. Such a character of deformations is caused by the influence of stress
concentration in the neighborhood of the acting concentrated load. Therefore, this section is excluded
from consideration.

The curve corresponding to the linear deformation behavior of the parallelepipeds differs
substantially; except for the above-mentioned segment, it remains linear. The other curves include
near-linear segments in regions of linearly elastic deformation of the vertebrae and nonlinear segments
caused by nonlinear deformation of the intervertebral discs.

2026, T. 18, Ne 4, C. 973-988




986 K. S. Kurochka, V. V. Komrakov, E. L. Tsitko, K. A. Panarin, T. S. Semenchenya

1751~ R B i S
150
= 125-
=
£ 100 A
o]
=
T 751
o
)
N 501 -- parallelepipeds with linear deformation
- — parallelepipeds with nonlinear deformation
254 == cylinders with nonlinear deformation
— - spine with nonlinear deformation
04— spine with nonlinear deformation Comsol

~035 -030 -025 —020 —-0.15 —0.10 —0.05 0.00

Longitudinal strain, mm

Figure 4. Simulation results

The discrepancy between the values of longitudinal deformation values of the numerical solution
according to the proposed mathematical model and the solution obtained using Comsol is 10 %.

Conclusions

The use of volumetric figures of simple shape to describe the geometry of vertebrac and
intervertebral discs simplifies the algorithm for obtaining a finite-element mesh, which significantly
affects the quality of the finite-element model by using finite elements of classical shape without
significant distortions. It also improves the quality of the obtained results due to a fairly simple process
of changing the density of the mesh when investigating the convergence of the results obtained, as well
as comparing the averaged values in the neighboring finite elements.

Accounting for nonlinear deformations of the intervertebral discs significantly changed both the
pattern and the magnitude of deformation of the human lumbar spine.

The resulting accurate anthropometric finite element model allows us to determine the stress-
strain state of the human lumbar spine for the purpose of predicting the development of musculoskeletal
disorders.

The proposed approach for intervertebral discs nonlinear deformations yielded results that are
accurate enough for practical applications compared to the Comsol solution.
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